Abstract: Polydimethylsiloxane (PDMS) membranes with different silica content were prepared without support. The characterization and performance of the membranes were investigated by scanning electron microscope (SEM), thermogravimetry analysis (TGA), contact angle meter and swelling experiment. The pervaporation process was investigated with acetic acid/water mixture. And the process of mass transfer was analysed depending on the solution-diffusion model. The addition of silica could greatly improve the pervaporation flux and enhance the thermal stability of membrane. With an increase in feed temperature, selectivity decreased and permeation flux increased for the unfilled PDMS membrane. However, the separation factor of silica loading of 10 wt. % membranes, exhibited a maximum at 50 0 C, and it was higher than unfilled membrane when feed temperature was above 40 0 C. With the enhancement of acetic acid concentration, flux and separation factor increased. And the unfilled membrane and the silica filled membrane were prior permeation membranes for water when the downstream pressure of unfilled membrane and silica filled membrane was over 1000 Pa and 1500 Pa respectively.
Introduction
Silicone rubber is a type of material with the particular properties of being both semiorganic and is composed of alternating silicon and oxygen atoms. The silicone rubber membranes have hydrophobic ability and also fine heat resistance, cold resistance and chemical durability. This has been widely used in pervaporation separation processes of organic/water mixtures. However, the separation factor and permeation flux of homogeneous membrane are not yet sufficient for practical application. Adding nanoparticles is a simple and effective method to improve the properties of polymer. Also, silica is widely used as filler for polymer to enhanced mechanical strength, thermal stability and added functionality of polymers [1~3] .
Membrane pervaporation has become one of the most promising candidates for lowcost separation processes, especially for mixtures of close volatility or for mixtures with thermal or chemical sensitivity [4] . Membrane pervaporation has been widely used in separation processes, such as the dehydration of organic/water (azeotropic) mixtures; the removal/recovery of organic compounds from aqueous solution, and the separation of organic/organic mixtures.
Acetic acid, one of the top 50 chemicals, has much importance to in the chemical industry. Several studies have revealed on new ways of separating an acetic acid/water system. The results are shown in the Table 1 . We can find that the separation effect of membranes is non-ideal for the industrial application. There is still much work to be done. Yoshikawa et al. [6] used cross-linked polybutadiene membranes for preferential pervaporation of acetic acid which was attributed to hydrophobic nature of cross-linked polybutadiene. Deng et al. [7] separated acetic acid/water by pervaporation using polydimethylsiloxane membrane, aromatic polyamide (PA) and laminated PDMS/PA membranes. The results indicated that PDMS was hydrophobic and acetic acid selective, while PA was hydrophilic and water selective. The lamination of PDMS with PA tend to impair the acetic acid selectivity of PDMS. Liu et al. [11] found that silicalite membranes supported on the inner surface of a porous stainless steel cylindrical tube were unable to selectively remove acetic acid from acetic/water mixtures at low acetic acid concentration. Netke et al. [12] studied the separation of acetic acid from water using silicate-filled PDMS membrane. The selectivity of the membrane for acetic acid rose by increasing wt % of silicalite in the membrane and increasing hydrophobicity of the silicalite. However, the flux of acetic acid behaved in an opposite manner. In this study, polydimethylsiloxane was chosen as the additive to blend with silica, with the aim of increasing the performance of the membrane. We studied the pervaporation characteristics of PDMS membranes for preferential pervaporation of acetic acid from acetic acid/water mixtures. The important conditions investigated included silica loading, feed temperature, acetic acid concentration, and downstream pressure. This process of mass transfer was analysed simply by depending on the solution-diffusion model.
Results and discussion

Effect of silica content
The effect of silica content on the pervaporation performance of the blended membranes is shown in Fig. 1 . These experiments were carried out for a feed composition of 10 wt. % acetic acid with the feed flow rate of 26 L·h −1 at 30 0 C. It shows that the incorporation of silica into PDMS has a significant effect on both the separation factor and permeation flux. The addition of 5 wt. % silica resulted in a rise in permeation flux of unfilled membrane from 35.29 g·m -2 ·h -1 to 56.58 g·m -2 ·h -1 . When the silica content was increased from 5 to 15 wt. %, the permeation flux was almost constant. And it increased sharply to 78.42 g·m -2 ·h -1 when the silica content reached 20 wt. %. Besides the increasing of water-, acetic acid-attractive groups provided by silica particles in composite membrane, aggregation of filler and poor polymerparticle interfaces can lead to increasing of permeation flux with a sacrifice of selectivity. Another important factor affecting the flux is the swelling behaviour of the membranes in the feed mixture. 
Effect of feed temperature
In Fig. 5 , the effect of feed temperature on the pervaporation performance of unfilled membrane and silica filled (10 wt. %) membrane, was investigated with the feed acetic acid concentration set at 0 % (H 2 O), 10 % (solution), feed flow rate set at 26 L·h -1 , and downstream pressure set at 100 Pa. As shown in Fig. 2 , the flux of water and 10 % acetic acid solution increased with increasing temperature. With an increase in the feed temperature, the molecular chain motion increased, and the free volume of membrane and the kinetic energy of feed increased. So, the swelling degree and diffusion velocity increased, which insulted in flux increased. The flux of the filled membrane was higher than the unfilled membrane because of more vacuum in the filled membrane. And the flux of single water was higher than the total flux of the 10 % solution under the same experimental conditions.
In Fig. 3 , we examined the effect of feed temperature on separation factor of unfilled membrane and silica filled (10 wt. %) membrane. As shown in Fig. 3 , the separation factor of unfilled membrane decreased with the increasing temperature. However, there was a maximum of 2.48 at 50 0 C for the silica filled membrane. And the separation factor of the filled membrane was higher than the unfilled membrane with temperature above 40 0 C.
On the one hand, the interaction time of permeate components with these membranes increased with the rise in feed temperature. The increase of water flux was faster than acetic acid, so the selectivity of the membrane for acetic acid was decreased. On the other hand, this can be explained by the relationship between saturated vapour pressure and temperature. In the range of 30~70 0 C, the saturated vapour pressure of water and acetic acid was 4.24~31.18 kPa, 2.79~18.53 kPa respectively. This demonstrated that the increase rate of water was greater than acetic acid and the driving force increase of water transfer was greater than the force of acetic acid transfer which resulted in separation factor decreased with increasing temperature.
The separation factor of filled membrane increased and then decreased with the change in temperature, and this was smaller than the separation factor of unfilled membrane at a low temperature. However, silica was hydrophobic due to the result of the contact angle. This was probably because the membrane was loose due to the addition of silica. Since the water flux increased faster at lower temperature, the separation factor was decreased as well.
Effect of feed acetic acid content
The effect of the feed concentration, ranging from 5 wt. % to 40 wt. %, on the permeation flux and separation factor of the PDMS membrane at a flow rate of 6 L·h −1 at 30 0 C is presented in Fig. 4 and Fig. 5 . An increasing acetic acid concentration resulted in the increase of separation factor and permeation flux. A rise in acetic acid concentration from 5 wt. % to 40 wt. % produced a notable increase of separation factor from 2.29 to 3.14 with permeation flux from 32.77 to 74.42 g·m The permeation flux of the silica filled membrane was higher than the unfilled PDMS membrane while the separation factor was the opposite. The process of pervaporation includes the action of components to membrane and the interaction between components. According to solution-diffusion theoretical model, there is an equilibration between absorption and dissolution of feed components on the surface of membrane. With feed acetic acid concentration increasing, the number of acetic acid adsorbed on the membrane surface increased, and the acetic acid concentration of separating layer would increase as well. Since membrane pore increased due to the increase of membrane swelling degree (and water molecules are smaller than acetic acid), the water molecules are easier to spread through the membrane. Therefore, the flux increased both acetic acid and water, and the change of separation factor depended on the relative increase strength of acetic acid and water.
Effect of downstream pressure
Fig . 6 shows the effect of downstream pressure on flux with the feed acetic acid concentration set at 0 % (H 2 O), 10 % (solution), feed flow rate set at 26 L·h -1 , and feed temperature set at 30 0 C. As shown in Fig. 6 , the flux of membranes decreased with increasing downstream pressure. This is primarily due to the fact that steam partial pressure on each side of a membrane was the propulsion of mass transfer. Greater steam partial pressure results in higher mass transfer propulsion which also accelerates the mass transfer velocity. 7 shows the effect of downstream pressure on separation factor for the separation of 10 wt. % acetic acid/water mixture at 30 0 C. As shown in Fig. 7 , (1) The separation factor decreased with the increase in downstream pressure; (2) When the downstream pressure was greater than 1000 Pa for unfilled membrane and 1500 Pa for filled 10 % membrane, the separation factors were less than 1. The membranes were prior permeated for water under this pressure; (3) The separation factor of filled membrane was higher than the unfilled membrane when the downstream pressure was greater than 600 Pa. The reasons for which are stated: On one hand, for the acetic acid / water system, the saturated vapour pressure of water was higher than that of acetic acid, and water desorption was easier than acetic acid on the downstream of membranes. So, acetic acid was more sensitive than water to the pressure change of membrane downstream and the separation factor deceased with increasing downstream pressure. On the other hand, the unfilled membrane was more compact with lower flux. So, it was more sensitive than filled membrane to downstream pressure change, and the separation factor of unfilled membrane was lower than filled membrane.
Fig. 7. Effect of downstream pressure on separation factor.
Mass transfer analysis
Depending on the solution-diffusion model [13] , mass transfer of pervaporation was finished in three steps: (1) Feed molecules adsorbed on the membrane surface of feed side; (2) Under chemical potential gradient, osmotic molecules diffused from feed side to downstream side through membrane; (3) Osmotic molecules desorbed on the membrane surface of downstream side.
It was shown by the swelling experiment that the swelling degree of membrane in acetic acid and acetic acid/water was lower than that in water. However, the permeation rate of acetic acid was higher than water partly because PDMS membrane had higher adsorption selectivity for acetic acid and partly because of the strong binding action (hydrogen bond) between water and acetic acid which hindered the molecules diffusion [14] .
With the theory of Hydrophile-lipophile Balance (HLB), the selectivity of membrane for acetic acid could be improved in three ways: (1) Increased the adsorption ratio of acetic acid on the membrane surface by regulated rate between hydrophilic group and hydrophobic group; (2) Increased the diffusion velocity of acetic acid through the membrane; (3) Prepared the membrane with an extra-hydrophobic surface. Jin et al. [15] prepared the PDMS membrane with a cauliflower multi-structure surface by laser ablation, and the water contact angle reached 165°. Therefore, increasing the hydrophobicity by physical or chemical means was an effective way to increase the membrane selectivity for organic compounds.
Conclusions
In conclusion, the addition of silica obviously improved the permeation flux and thermal stability of the membrane. Also, the strong action of hydrogen binding between water and acetic acid hindered the molecules diffusion though membrane. With an increase in feed temperature, selectivity decreased and permeation flux increased for the unfilled membrane. In addition, for the membrane of silica loading of 10 wt. %, the curve of separation factor versus feed temperature had a maximum, and the separation factor was higher than the unfilled membrane when feed temperature was above 40 0 C. The unfilled membrane and filled 10 % membrane were prior permeation for water when the downstream pressure was greater than 1000 Pa and 1500 Pa respectively. So, the downstream pressure must be as small as possible in order to gain a higher permeate flux and separation factor for an acetic acid / water mixture.
Experimental
Materials
PDMS (viscosity 4000mPa·s, Jinan Zhonghao chemical Co., LTD, China), TEOS (Sinopharm Chemical Reagent Co., LTD, China), dibutyltin dilaurate (Beijing Chemical Company, China) and n-hexane (The Shanghai chemical Co., LTD, China) were used for the preparation of membranes. Hydrophobic modified nano-silica (particle diameter 10~30nm, Shandong Haina Hi-Tech Materials Co., LTD) was used as filler. All the reagents were of analytical grade and used without further purification. Deionizer water was used in all the experiments.
Membranes preparation
A desired amount of silica was dried at 200 0 C for one hour in a vacuum oven, and then mixed with a suitable amount of n-Hexane. The resulting suspension was stirred for 20 minutes to help disperse the silica powder. The suspension was then mixed with a desired amount of PDMS, and stirred for 20 minutes. Next, the cross-linker (ethyl silicate) and catalyst (dibutyltin dilaurate) were added and mixed thoroughly. This mixture was cast on organic glass using a casting knife, dried, and membraneformed at the desired temperature set for cross-linking in a vacuum oven.
Membrane characterization -The top and cross-sectional views
The top and cross-sectional views of the resulting membranes were observed with SEM. Fig. 8 shows the top and cross-sectional SEM graphs. The distribution of silica in PDMS was tight and homogeneous. And the unfilled PDMS membrane and silica filled membrane were both dense with no connected pores.
-Thermogravimetric analysis (TGA) Thermal degradation measurements of membranes samples were performed using a thermogravimetric analyzer (STA 449C, Netzsch, Germany) at a heating rate of 10 0 C/min and temperature programs were run from 40 0 C to 800 0 C under nitrogen environment. Nitrogen flow of 20 ml/min was utilized in order to remove all corrosive gas involved in the degradation. 9 shows the TGA graph of unfilled membrane and silica filled 10% membrane. As shown in Fig. 2 , there was a subtle weight loss about 5 % from 40 0 C to 320 0 C for the unfilled membrane. It indicated that the membrane was stable at high temperature. When the silica content was 10 wt %, the decomposition temperature was raised to about 410 0 C. One explanation was as follows [8] : The presence of silica particles helped to adsorb the thermal energy and prevented PDMS from thermal decomposition. However, the silica particles could also block the crosslinking of PDMS at the curing stage, resulting in a lower cross-linking of PDMS. The former effect would act to increase the decomposition temperature, while the latter effect would make PDMS easier to decompose into smaller entities and thus more volatile products, leading to a more rapid weight loss.
-Contact angle
The water contact angles of membranes were measured by a contact angle meter (DSA 100, KRUSS, Germany). The results of contact angle measurement are shown in Table 2 . As shown in Table 2 , the water contact angle of unfilled PDMS membrane was 87.9°. Also, the contact angle increased with the increase of silica content. This indicated the hydrophobic of membrane rose with the increase in silica content. 
The results of swelling degree are shown in Fig. 10 . The unfilled PDMS membrane swelled little in water, acetic acid, and acetic acid solution. This was because of its compaction and hydrophobic property. The swelling degree of filled membrane was higher because of more vacuum in the membrane. The membranes were difficult to swell in acetic acid due to the molecular polarity of acetic acid which makes acetic acid penetrate into the membrane with difficulty, whereas water molecules were smaller than acetic acid and entered into membrane more easily.
Pervaporation
The pervaporation measurements were performed using a self-regulating pervaporation cell and a feed consisting of acetic acid solutions at different concentrations. The downstream pressure was maintained at 100 Pa. Liquid nitrogen was used as a cooling agent for the cold trap collecting the permeation product. The composition of the permeation product was determined by gas chromatography (6890N). From the collection amount and permeation product composition, the permeation flux (J) and separation factor (α) can be calculated as Eq. 2 and 3:
) ( ) ( where M is the mass of permeation product; A is the acreage of membrane; t is the time of pervaporation; ( ) is the weight fraction of acetic acid (water) in the feed, and ( ) is the weight fraction of acetic acid (water) in the permeation product. 
